The Au species present in all catalysts are seen to be predominantly metallic.
Supplementary Figure 3.
Results from TPR measurements. a TPR measurements of bare haematite and ferrihydrite support materials after drying (110 °C, 16 h) and calcination (300°C, 3 h, 20 °C min -1 ) and b corresponding TPR measurements on supported gold CP-2 (ferrihydrite), DP-1 (haematite) and DP-2 (ferrihydrite) catalysts after identical heat treatments to those specified in a.
The TPR profiles in the figures above show features that are broadly in line with the literature on the reduction of iron oxides. 2 The initial reduction feature at ~ 300°C can be assigned to the decomposition of Fe-hydroxide features to generate haematite (Fe 2 O 3 ). The second feature present at ~380 °C corresponds to the haematite to magnetite (Fe 3 O 4 ) reduction followed by a broad reduction feature corresponding to the reduction of magnetite through FeO towards metallic Fe. In the corresponding TPRs of the catalyst materials (Supplementary Figure 3 b ) a clear shift in the temperature of the haematite to magnetite reduction peak can be observed for all the gold containing materials while the high temperature reduction of magnetite remains largely unaffected. The reduction of the temperatures of haematite reduction. However, the exact nature of such shifts could be the result of many factors in such complex catalyst systems. It could be due to (i) the reduction of Au species 2 (ii) an easier decomposition of Fe-hydroxide species due to electronic interaction between Au and iron oxides, 3, 4 (iii) a Au catalysed hydrogenation reaction 5 or (iv) some combination of these effects The magnitude of the shift and change of the peak shapes are also sensitive to parameters such as Au loading. 
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Supplementary Figure 7.
Evidence showing Au atoms and sub-nm Au clusters are trapped inside the support of the CP-1 catalyst. Through focal series of STEM-HAADF images showing an internal pore in the CP-1 catalyst after calcination. DOF stands for "depth-of-field", which in the current circumstance is about 10 nm. The defocus values are calibrated relative to the middle image (b), given a nominal defocus value +10 nm (overfocus) and -10 nm (underfocus) from this position for images (a) and (c). For the image sequence (a) to (c), the electron beam is moving from the top surface towards the bottom surface. The Au atoms associated with the rim of the pore can be sharply imaged in (b). When these atoms on the rim are out of focus in (a) and (c), some additional Au atoms can still be found in focus projected inside the pore area (arrowed in white), suggesting that these atoms are either above or below the pore. They must therefore exist either on the top or bottom surface of the support, or on the internal pore surface, both indicating that this pore is fully located inside the support.
Supplementary Figure 8 . Effect of electron beam irradiation on catalyst stability. Assessment of electron beam damage effects on the CP-1 catalyst sample. A through focal series of STEM-HAADF images (a)-(c) were taken using a 200kV Nion UltraSTEM. These show an internal pore (indicated by the white arrow) that is similar to that presented in Figure S6 . The through-focal series of 100 frames (10nm field of view, 512*512 pixels, f=1 nm/frame) was taken with a probe current of 60pA and pixel dwell time of 2s. The sample was estimated to have been subjected to a total electron dose of 2*10 8 electrons/nm 2 during this entire process. The STEM-HAADF images (d) and (e) were taken before and after acquiring the through-focal series and the imaging conditions employed were identical except that a longer dwell time (16s/pixel) was used. The electron beam did not induce significant agglomeration of the nanoparticles or sub-nm clusters. The internal pore (white arrow) retains its integrity, although some minor re-structuring/re-orientation of individual nanoparticles (indicated by the black arrow) did take place. Supplementary Table 3 . Geometric model used to estimate the number of Au atoms associated with the exposed particle surface, entire particle volume and interfacial perimeter length as a function of Au particle size. The total number of exposed surface atoms, atoms per particle and interfacial periphery atoms estimated for Au particles of different sizes using the Mackay icosahedral model. 7 The left half of the table shows selected values of surface and total number of atoms from Mackay icosahedra having different diameters. The particle diameter d was estimated using the equation = (2 + 1) • 0.288 (nm), where n is the number of shells in the Mackay model; the total atoms per particle (N total ) was calculated using the equation + 1; the total number of exposed surface atoms (N surface ) was calculated using the equation = 10 2 + 2; the total number of atoms at the interfacial perimeter (N perimeter ) are estimated using the equation = /D, where D is the contribution of one atom in the perimeter, which can be estimated from the trivial case n = 2 and N perimeter = 6. The Mackay icosahedron chosen to best represent each binning interval was that which had the closest value to the median value of the binning interval. The right half of the table are the actual numbers (N' total , N' surface and N' perimeter ) based on 'hemispherical' Mackay icosahedron particles used to estimate the number of atoms in each size category. We assumed that all the particles are roughly hemi-spherical in shape, so therefore we use N' total = N total /2, N' surface = N' surface /2 and N' perimeter = N perimeter. Intrinsic reaction rate (mol CO per mol peripheral Au per second) 0.4 0.6
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Supplementary Table 5 . Intrinsic rate estimation considering only atoms at the perimeter. Intrinsic reaction rates were estimated, assuming sub-nm Au clusters and 1-3 nm particles are the dominant active species and only atoms at the perimeter are active. Testing conditions -100 ml min -1 flow of 0.5 vol% CO / air, 10 mg catalyst, 25 ºC.
Supplementary Notes 1. Particle size measurements from the HAADF images.
The particle size was measured using Image J as illustrated in Supplementary Figure 4 . The first step is to ascertain the projected area of the support: A global threshold is applied to convert the image to a binary image (-the pixels in the support area are labelled 1 and the pixels in the empty area are labelled 0) and then the support area equals the sum of the image. The second step is to measure the projected area of Au particles, including individual atoms, using their higher HAADF intensity as a criterion. Simple thresholding cannot be directly applied due to an uneven background caused by the support material having varying thickness in different regions. A two-step smoothing algorithm was applied to remove the effect of such a background: (i) the original image was first 2D Gaussian smoothed using a relatively small standard deviation  (e.g. in Figure S3 (c), 5 pixelsto just remove the lattice fringes from the support. (ii) A second 2D Gaussian smoothing operation was then applied with a slightly larger  e.g. Supplementary Figure 4 It is possible to estimate the intrinsic activity for each type of Au species in the hierarchical ladder. The calculation has been performed on DP-1 catalyst, in which no Au species are expected to be buried inside the support. Since we only have two total activity data points (i.e. 'dried-only' and 'calcined' materials), we assume the two most dominant active species present to be (i) sub-nm Au clusters 8 and (ii) 1-3 nm Au NPs 8,9 based on previous studies.
The catalytic testing conditions employed were as follows: the reactant gas flow rate is 100 ml min -1 at 1 atm and room temperature (298 K), with CO concentration of 0.5 vol%. Using gas constant R = 82.05736 (ml atm K −1 mol −1 ), the CO flow rate can be determined to be 3.4 x 10 -7 mol s -1 . The conversion rates are 92% and 49%, which give the absolute rates to be 3.1 x 10 -7 mol s -1 and 1.7 x 10 -7 mol s -1 for the DP-1 'dried only' and DP-1 'calcined' materials respectively.
The next step was to calculate the number of surface atoms available on each type of Au species. Since we already have the data available for surface fraction, which is the fraction of total Au atoms that end up on the surface of Au species within size intervals, we only need to know the total amount of Au in the catalyst. The theoretical Au loading of the DP-1 catalyst was 5 wt%. As 0.01 g of catalyst was used in the catalysis testing experiment, this is equivalent to 0.0005 g Au or 2.54 x 10 -6 mol. When qualitatively comparing activities between the dried only and calcined catalysts, we take the assumption that Au particles above certain size remain largely unchanged during the heat treatment and therefore we total amount of Au in the particles below that size (e.g. 7 nm) is approximately unchanged. This assumption is based on in situ studies by Allard et al. 10, 11 However, when estimating the absolute reaction rate, further assumption that all the Au loading is in small particles is needed. In another word, we ignore the presence of all the larger particles > 7 nm, then the amount of Au atoms exposed on subnm Au clusters and 1-3 nm Au NPs in the 'dried-only' and calcined DP-1 catalysts can be calculated using surface and peripheral fractions from the PSD. The results are shown in Supplementary Tables 4  and 5 respectively. This approximate calculation tends to underestimate the absolute reaction rates, since the total mass of Au species < 7 nm must be less than the total Au loading due to the presence of larger particles.
